Actin-mediated mechanical forces are central drivers of cellular dynamics. They generate 13 protrusive and contractile dynamics, the latter of which are induced in concert with myosin II 14 bundled at the site of contraction. These dynamics emerge concomitantly in tissues and even 15 each cell; thus, the tight regulation of such bidirectional forces is important for proper cellular 16 deformation. Here, we show that contractile dynamics can eventually disturb cell-cell junction 17 contraction in the absence of p21-activated kinase 3 (Pak3). Upon Pak3 depletion, contractility 18 induces the formation of abnormal actin protrusions at the shortening junctions, which reduces 19 E-cadherin levels at adherens junctions. Such E-cadherin dilution dissociates myosin II from 20 the contracting junctions, leading to a reduction in junctional tensile forces. Overexpressing E-21 cadherin restores the association of myosin II at the junctions and junction contraction. Our 22 results suggest that contractility both induces and perturbs junction contraction and that the 23 attenuation of such perturbations by Pak3 facilitates persistent junction shortening. 24 25 26 3 The cell collectives composing animal bodies sculpt tissue architectures through various 27 cellular behaviors such as cell division, deformation, rearrangement, and migration. The 28 cytoskeletal protein actin is the central protein that drives these cellular behaviors by generating 29 mechanical forces 1-7 . While actin generates protrusive forces by forming branched and bundled 30 structures, it also supplies contractile forces by forming bundled structures and loosely 31 organized networks in concert with non-muscle myosin II. Such bidirectional force generation 32 by actin can coexist in each cell and even at the same position within cells. During single-cell 33 migration, protrusive actin dynamics extend cells at the leading edge, while actomyosin (the 34 actin and myosin II complex) contraction causes retraction at the rear of the cell along the 35 migrating direction 8,9 . A recent study of Drosophila eye development demonstrated that 36 pulsatile extension by protrusive branched actin networks and counterbalancing actomyosin 37 contractility-mediated shortening of each cell-cell contact control cellular shape 10 . Thus, the 38 tight regulation of actin dynamics is important for proper force induction and the resultant 39 cellular dynamics. 40 Epithelial cell intercalation is one of the multicellular dynamics driven by the 41 contractile forces of actomyosin and contributes to directional tissue extension and 42 movement 11-13 . This process consists of the directional exchange of cellular positions within 43 4 cell collectives, which is driven by cell-cell junction remodeling (i.e., shortening of cell-cell 44 junctions and subsequent growth of new ones in new directions) 14 . During shortening, actin 45 and myosin II are highly enriched at the adherens junctions (AJs) of cell-cell junctions to form 46 contractile actomyosin bundles that then shorten the junctions 1,11,15-19 . The mechanisms 47 inducing contractile forces via actomyosin are well studied; however, it is still unknown 48 whether actomyosin-mediated contractions are negatively affected during cell-cell junction 49 shortening, and if so, how the shortening is sustained. 50 The rotation of Drosophila male genitalia is an example of epithelial cell 51 intercalation 20 . During metamorphosis, male genitalia located at the posterior end of the body 52 undergo 360° dextral rotation around the anterior-posterior axis (Fig. 1a) 21,22 . This rotation is 53 observed from 24 to 36 h after puparium formation (APF), and is composed of two movements 54 of epithelial cells: the initial 180° dextral movement of the genitalia along with the surrounding 55 epithelia, which is called the posterior compartment of the A8 segment (A8p), at the anterior 56 side of the genitalia, and the subsequent 180° dextral movement of the anterior compartment 57 of the A8 segment (A8a), the latter of which starts at 26 h APF 20-22 . During rotation, the A8a 58 cells frequently induce left-right polarized junction remodeling in relation to the anterior-59 posterior axis in the confined space between the A8p epithelia and the A7 segment, which 60 5 results in unidirectional epithelial cell movement 20,23 . Consistent with other tissues, the 61 accumulation of actomyosin at the AJs of cell-cell junctions induces junction contraction in 62 this model. Down-regulation of contractile activity, such as via RNA interference (RNAi) of 63 myosin II regulatory light chain (MRLC), compromises the remodeling and hence results in 64 insufficient A8a cell movement, leading to incomplete rotation of the genitalia 20 . 65 Here, we examined actin and myosin II dynamics in the A8a epithelia during the 66 rotation of Drosophila genitalia and revealed that, upon junction contraction, actin dynamics 67 at cell-cell junctions are compromised in p21-activated kinase 3 (Pak3) mutant flies. These 68 aberrant actin dynamics disturb the distribution of E-cadherin and myosin II at the junctions, 69 and thus eventually disrupt the junction contraction. These findings suggest that Pak3 blocks 70 the negative feedback of contractility and ensures persistent junction contraction and 71 rearrangement of epithelial cells. 72 73 Results 74 Pak3 is required for A8a cell movement during the rotation of Drosophila genitalia. To 75 understand the molecular basis underlying epithelial cell-cell junction remodeling, we 76 searched for genes involved in the movement of A8a cells. In the control flies, time-lapse 77 6
10 junctions at least once per hour in Pak3 RNAi cells (Fig. 2f ). Again, overexpressing Pak3 146 partially alleviated the formation of large protrusions: although these structures were still 147 observed in approximately 50% of junctions, they were absent from greater than 40% of 148 junctions, and only a few junctions formed large protrusions more than three times per hour 149 ( Fig. 2f) . These data suggest that Pak3 suppresses the formation of aberrant actin protrusions 150 in the A8a cells. 151
Branched actin networks induce the formation of protrusive actin structures and are 152 generated by the Arp2/3 complex, which is stimulated by the WAVE regulatory complex 153 (WRC) 1,3 . To determine whether this pathway is involved in the formation of large protrusions, 154 we used RNAi targeting Abi, a component of the WRC, in Pak3-depleted cells 37, 38 . Depletion 155 of Abi suppressed the generation of large actin protrusions, although it did not completely 156 restore actin dynamics (Fig. 2f ). This suggests that the aberrant actin protrusions are in part 157 composed of branched actin-networks. 158
To further characterize these aberrant actin protrusions in Pak3 RNAi cells, we 159 explored the correlation between their emergence and junction dynamics. In Pak3-depleted 160 cells, junctions failed to undergo remodeling (Fig. 1f ), but instead underwent repeated 161 shrinkage and extension (Fig. 2g ). We found that the generation of large protrusions was initiated frequently when the junctions were shortening rather than when they were extending 163 ( Fig. 2g ). Approximately 80% of the large actin protrusions emerged at shortening junctions 164 ( Fig. 2h) . These observations raise the possibility that junction contraction sensitizes cells to 165 the formation of large protrusions. To evaluate this possibility, we depleted MRLC or Rock, 166 an upstream activator of myosin II 1,5 . Depletion of these factors suppressed the emergence of 167 large protrusions in Pak3 RNAi cells (Fig. 2f ). Collectively, these results suggest that Pak3 168 suppresses the formation of branched network-containing actin protrusions at cell-cell 169 junctions upon contraction of the junctions. 170 171 Pak3 retains myosin II cables and tension at cell-cell junctions. During the emergence of 172 aberrant actin protrusions, the junctions failed to continue shortening and instead re-extended 173 ( Fig. 2g ), implying that while large protrusions are induced upon junction contraction, they in 174 turn perturb contraction. To understand how junction contraction is compromised, we 175 examined the dynamics of myosin II. Time-lapse imaging of GFP-tagged MRLC 176 (MRLC::GFP) showed that the majority of MRLC::GFP signals were observed as a single 177 cable at cell-cell junctions (Fig. 3a ). In the control cells, the MRLC::GFP signals still remained 178 as a single cable at the initiation of junction shortening; however, when the junction lengths 12 were decreased, the MRLC::GFP signals split into two distinct cables at the shortening 180 junctions ( Fig. 3a, arrowheads) . In Pak3-depleted cells, we found that the MRLC::GFP cables 181 had already split before the junctions had shortened sufficiently (Fig. 3a, arrowheads) . 182
Measurement of the lengths of junctions when MRLC::GFP cables split revealed that depleting 183
Pak3 significantly increased their length from 1.3 ± 0.41 to 2.2 ± 0.72 µm (Fig. 3b ). Since E-184 Cad::GFP signals did not segregate at shortening junctions ( Fig. 1d ), this observation suggests 185 that myosin II is dissociated from shortening cell-cell junctions. 186
To examine the interplay between the large actin protrusions and myosin II cables in 187
Pak3 RNAi cells, we next observed myosin II and actin dynamics simultaneously using 188 MRLC::GFP and Lifeact tagged with red fluorescent protein (Lifeact::Ruby) 34 . We categorized 189 the aberrant actin and myosin II dynamics into the following three groups and examined their 190 proportions: splitting of myosin II cables, generation of large actin protrusions, and both (Fig. 191 3c-e). At junctions greater than 3 µm in length, which roughly exceed the mean + 1 S.D. of 192 the length with split myosin II cables in Pak3-depleted cells (Fig. 3b ), large protrusive 193 structures were still generated in the absence of myosin II splitting, suggesting that the 194 dissociation of myosin II from cell-cell junctions is not located upstream from the formation 195 of aberrant actin protrusions (Fig. 3d ). In contrast, at junctions less than 3 µm in length (or shortening junctions), most of the splitting cables were observed concomitantly with large actin 197 protrusions ( Fig. 3e ). This observation raises the possibility that the emergence of large actin 198 protrusions triggers the segregation of myosin II at shortening junctions. To test this possibility, 199 we depleted Abi in Pak3 RNAi cells. This manipulation reduced the length at which the 200 junctions showed split myosin II cables, suggesting that myosin II dissociation is associated 201 with the generation of aberrant actin protrusions ( Fig. 3f,g) . 202
We hypothesized that the failure of junction contraction observed in Pak3-depleted 203 cells was attributed to the dissociation of myosin II from shortening junctions and the 204 consequent reduction in tension at the junctions. To evaluate tension at junctions, we cut the 205 junctions by ablation with a 365-nm laser and measured the displacement of their vertices, 206 which reflects junctional tension ( Fig. 3h ,i) 39, 40 . This showed that the initial speed of 207 displacement upon laser ablation was decreased in Pak3 RNAi cells ( Fig. 3i ). Collectively, 208 these results suggest that Pak3 ensures junction contraction by retaining myosin II attachment 209 and tension at cell-cell junctions. 210 211
Dilution of E-cadherin at cell-cell junctions mediates myosin II dissociation. To clarify 212
how the large actin protrusions and consequent segregation of myosin II at shortening junctions 213 are connected, we again explored the distribution of E-cadherin, since it is a central component 214 of the cadherin-catenin core complex that acts as a scaffold for actomyosin at AJs 29,41 . 215 Magnified time-lapse images of E-Cad::GFP in the control cells revealed that while the 216 majority of E-Cad::GFP signals were localized along cell-cell junctions, they frequently 217 formed small protrusions arising from the junctions ( Fig. 4a , arrowheads; Supplementary 218
Movie 5). These protrusions were positive for E-Cad::GFP and Lifeact::Ruby, suggesting that 219 E-cadherin is associated with actin protrusions (Fig. 4b ). We also found that E-Cad::GFP levels 220 were sometimes decreased locally at the base of these protrusions on the junctions (Fig. 4a,  221 broken line). These observations suggest that actin protrusions can reduce the local levels of 222 junctional E-cadherin. The junctions in Pak3-depleted cells also generated E-Cad::GFP-223 positive protrusions, but they were larger in size ( Fig. 4a , arrowheads; Supplementary Movie 224 6). In addition, the local regions associated with E-Cad::GFP dilution on junctions were 225 extended ( Fig. 4a , broken lines). These observations suggest that Pak3 depletion enhances the 226 reduction in E-cadherin levels at cell-cell junctions. 227
We then asked whether this dilution of E-cadherin is involved in the formation of 228 aberrant actin protrusions and/or myosin II segregation. To this end, we upregulated E-cadherin 229 levels in the Pak3-depleted A8a cells and examined if this manipulation suppressed these 230 dynamics. A comparison of E-Cad::GFP intensities at the local regions with and without actin 231 protrusions (Intw/ and Intw/o, respectively) within each junction in Pak3-depleted cells revealed 232 that the levels of endogenous E-cadherin tagged with GFP (knock-in, KI) were significantly 233 reduced to approximately 80% in the presence of actin protrusions ( Fig. 4c-e ). Overexpressing 234 E-Cad::GFP under the control of the ubiquitin promoter, which slightly increased E-cadherin 235 protein levels 42 , attenuated the local reduction in E-Cad::GFP levels upon the formation of 236 actin protrusions ( Fig. 4c,e ). However, this manipulation did not attenuate the generation of 237 large actin protrusions, indicating that E-cadherin dilution is located downstream from the 238 formation of actin protrusions (Fig. 4f ). 239
We next induced the overexpression of intact E-cadherin 43 . This manipulation 240 suppressed the dissociation of myosin II from cell-cell junctions in Pak3 RNAi cells, which 241 was indicated by a reduction in the length of junctions with split MRLC::GFP cables, similar 242 to the effect of Abi RNAi (Figs. 3f, g and 4g, h) . Taken together, these results suggest that the 243 dilution of E-cadherin at cell-cell junctions induced by actin protrusions results in the inability 244 of Pak3-depleted cells to retain myosin II at the junctions. 245 cadherin also restored tissue dynamics in Pak3 RNAi flies. E-Cad::GFP overexpression 248 partially restored the junction-remodeling frequency in Pak3-depleted cells and slightly 249 decreased the frequency of the shortening defect ( Fig. 5a ). In addition, this manipulation 250 decreased the number of adult males with abnormal orientations of genitalia ( Figs. 1b and 5b) . 251
These results suggest that the E-cadherin-mediated association of myosin II at junctions is 252 required for completing junction shortening, leading to proper cell intercalation and epithelial 253 cell movement. 254
255 Discussion 256
During cell-cell junction shortening, actin and myosin II accumulate at junctions, and the 257 resultant actomyosin bundles generate contractile forces 5,44 . In contrast, previous reports 258 demonstrated that myosin II contractility potentiates actin unbundling and depolymerization in 259 vitro and in vivo 45, 46 , which could compromise contraction. It has also been recently shown 260 that cell-cell contacts concomitantly induce both myosin II-driven contraction and protrusive 261 branched actin-mediated extension 10 . Therefore, it would be reasonable to suppose that there 262 is a mechanism to maintain contractility for persistent cell-cell junction shortening. In this 263 study, we found that, in the absence of Pak3, aberrant actin dynamics at junctions disturb 264 junction contraction during their shortening. On the basis of our results, we suppose the 265 following scenario in cells lacking Pak3 ( Live imaging. Pupae were prepared as described previously 21 . Time-lapse imaging of flies was 312 performed using an SP8 confocal microscope with 63× NA 1.3 glycerol and 20× NA 0.75 dry 313 objectives (Leica), except for the images in Figs. 1D and 3A and Movies S1 and S2, which 314 were obtained using an inverted microscope with a 60× NA 1.3 silicone oil objective (Olympus) equipped with a spinning-disc confocal unit (CSU-W1; Yokogawa) and a Zyla 4.2 316 PLUS sCMOS camera (Andor). All images are maximum intensity projections at the level of 317 the AJs taken at a 1-µm z step size, except for images showing rotation of the genitalia (Fig.  318   1A) , which are maximum intensity projections of the posterior end of flies taken at a 5-µm z 319 step size. Time-lapse images were acquired at 10-s, 20-s, 2-min, or 10-min intervals. 320
Laser ablation. Laser ablation was performed with a 365-nm MicroPoint laser (Andor). To 321 cut junctions, a 365-nm laser pulse was applied for 1 iteration to the point at the middle of the 322 targeted junctions at the level of AJs, which was determined by maximum E-Cad::GFP 323 intensity. 324
Tracking of junction dynamics. Junction dynamics were analyzed manually with Fiji 325 software. Projected time-lapse images were used. In the A8a epithelia, junctions were tracked 326 from the initiation of movement (26 h APF) to the time when the genitalia angles were greater 327 than 90° (30 h APF) 21 . Junctions that were remodeled at least once were categorized as 328 "remodeling." Junctions that failed to resolve four-way vertices were categorized as "growth 329 defect." Junctions that remodeled, but then immediately retracted the new junctions and re-330 formed in the original direction were also categorized as "growth defect." Junctions that as "shortening defect." "No remodeling" included junctions that did not shorten to less than 333 1.5 µm in length. 334
Quantification of junction length, fluorescence intensity, and actin dynamics. Cell-cell 335 junction length was determined as the distance between vertices, except for when split 336 MRLC::GFP cables emerged, which was determined as the distance between myosin II cables 337 in cells surrounding the shortening junctions when the myosin II cables in cells forming the 338 shortening junctions first segregated. The mean fluorescence intensity of E-Cad::GFP at a 339 region on the junctions was measured using a line along the junctions. The frequency of the 340 emergence of large actin protrusions was counted at each junction within 1 h. 341 Statistical analysis. All statistical analyses were performed using R. To assess significance, 342 the following tests were used: two-way analysis of variance (ANOVA) followed by Tukey's 343 test for comparing the percentage of remodeling junctions; two-way ANOVA followed by 344 Cell Biol. 158, 127-137 (2002) . 
